A state vector model (SVM) for chromosome aberrations and neoplastic transformation has been adapted to describe detrimental bystander effects. The model describes initiation (formation of translocations) and promotion (clonal expansion and loss of contact inhibition of initiated cells). Additional terms either in the initiation model or in the rate of clonal expansion of initiated cells, describe detrimental bystander effects for chromosome aberrations as reported in the scientific literature. In the present study, the SVM with bystander effects is tested on a suitable dataset. In addition to the simulation of non-linear effects, a classical dataset for neoplastic transformation in C3H 10T1/2 cells after alpha particle irradiation is used to show that the model without bystander features can also describe LNT-like dose responses. A published model for bystander induced neoplastic transformation was adapted for chromosome aberration induction and used to compare the results obtained with the different models.
INTRODUCTION
The state vector model (SVM) is a multistage model for initiation and promotion. Some of the most important biological features associated with these stages of carcinogenesis are formulated mathematically in terms of coupled differential equations to yield either the number of chromosome aberrations per cell or the neoplastic transformation frequency per surviving cell (TF/SC) (1) (2) (3) (4) (5) . Recent studies with this model (4) focused on the description of protective effects of low doses of low-linear energy transfer (LET) radiation as discovered in recent years (6) (7) (8) . Detrimental and protective bystander effects are of great interest because of their importance at low doses (9) (10) (11) (12) . Different pathways have been investigated to determine how radiation can damage cells that were not directly hit. Radiation may also initiate at the time of exposure by targeted or untargeted effects. Initiation may be post-exposure due to untargeted effects and bystander effects may promote pre-existing initiated cells (13, 14) . The current study was performed to implement detrimental bystander effects into a multistage model that describes initiation, via the formation of chromosome translocations, and promotion via loss of contact inhibition and a selective growth advantage (enhanced cell proliferation) of a fraction of the initiated cells. Others have presented models for bystander effects for neoplastic transformation, cell killing and cancer (15) (16) (17) (18) (19) (20) (21) (22) (23) . The model presented here allows for a dose dependent description of bystander effects for chromosome aberrations with the bystander effect being the largest at small doses. The model with bystander effects is tested on a suitable dataset that shows detrimental bystander effects for chromosome aberrations (24) . The model without bystander effects is fit to a set of data by Miller et al. (25) that shows an LNT-like dose-response curve for neoplastic transformation. A published bystander model for neoplastic transformation, the BaD model (15) , is adapted for chromosome aberrations and applied to the data by Nagasawa and Little (24) to allow for a comparison of the two models.
MATERIALS AND METHODS

The models
The model equations of the SVM (Figure 1 ) without bystander effects are as follows: 
Here, N i (t) is the number of cells in state i at time t. Normal cells (state 0) can divide with mitotic rate k m (cell divisions per day), die with rate 
occurs between the specific and the non-specific DSB, chromosome aberrations are produced with rate k 34 ¼ P 4 Â k m . It was assumed that DR b ¼ 1 mGy y À1 . In the SVM, chromosome aberrations are characteristic for initiated cells (state 4). This severe damage can no longer be repaired because it was fixed (made permanent) when state 3 cells underwent mitosis with rate k m3 ¼ (1 À P 4 ) Â k m . Cells in states 1s, 1ns, 2, 3 and 4 can die with rate k d . A fraction, F, of the initiated cells has a growth advantage and divides with an enhanced mitotic rate k mp ¼ k mmult Â k m . In this subpopulation, intercellular communication has been disrupted. The other fraction, (1 À F), of initiated cells divides at rate k m . The fraction F is calculated with a binomial distribution as the probability that an initiated cell is surrounded by 4, 5 or 6 dead cells.
To describe detrimental bystander effects, a dose dependent term k 01b_by Â exp(Àl 1by Â D) was added to the rates k 01s and k 01ns . This reflects the above mentioned possibility that initiation may be postexposure due to untargeted effects. Alternatively, a dose and dose rate dependent term k 01r_by Â DR Â exp(-l 2by Â D) was added to rate k 01ns [but not to k 01s because in the SVM k 01sr ¼ 0 (1) ]. This reflects the possibility that radiation may initiate cells at the time of exposure by untargeted effects. A third possibility to account for bystander effects is to multiply
This accounts for the finding that bystander effects may promote pre-existing initiated cells.
According to the BaD model by Brenner et al. (15) for broad beam irradiation, the predicted TF/SC is given as
where n is the slope of the linear dose response relationship, q is the probability of surviving a single alpha particle traversal, hNi is the mean number of poisson distributed alpha particle nuclear traversals and s is the fraction of cells that are hypersensitive to transformation by the bystander signal. The number of unirradiated neighbour cells that receive a bystander signal from hit cells is denoted as k (15) . Equation 7 can be adapted for direct and bystander-induced chromosome aberration formation and becomes
where CA/SC is the total number of chromosome aberrations per surviving cell and s is the fraction of cells that are hypersensitive to chromosome aberration formation by the bystander signal. The definition of the other parameters in Equation 8 remains the same as given for Equation 7 . When hNi is large (i.e. at high doses), Equation 7 reduces to a linear response TF/SC ¼ nqhNi or, equivalently, TF/SC ¼ aD (15) . Here, D is the absorbed dose. From nqhNi aD it follows that qhNi ¼ aD/n. With the definition b a/n, we get qhNi ¼ bD. Since hNi and D are directly proportional (15) , we can write hNi ¼ gD where g is a proportionality constant. Therefore,
with d kg.
The data
The first dataset is from Nagasawa and Little (24) . These data show a detrimental bystander effect in wild type Chinese hamster ovary (CHO) and xrs-5 cells for chromosome aberrations after broad beam irradiation with 3.7 MeV alpha particles of 112 keV mm À1 at a dose rate of 0.099 Gy min
À1
. The cell line xrs-5 is an X-ray sensitive mutant of CHO cells and is deficient in NHEJ [defect in Ku80, a component of the NHEJ pathway (26) 
), respectively (24) . The duration of the sham irradiation was 30 min (H. Nagasawa, personal communication). Analysis of chromosome aberrations was at 19 h after the irradiation (H. Nagasawa, personal communication). As Nagasawa and Little (24) do not present survival fractions, the survival data for alpha particles given in Nagasawa and Little (27) were used to estimate k dr . xrs-5 cells were significantly more sensitive to the induction of aberrations by low doses of alpha radiation (Figure 2) .
The other dataset was taken from Miller et al. (25) with additional information on irradiation times kindly provided by S. Marino. These data refer to acute irradiation of C3H 10T1/2 cells with alpha particles of 150 keV mm À1 . The biological endpoint is neoplastic transformation. The data are given in Table 1 . The irradiation times refer to one cell and not to a whole flask (S. Marino, personal communication). Both datasets for 150 keV mm
of Miller et al. (25) (depicted in Figure 3 ) were fit jointly.
Optimisation procedures
A grid search optimisation procedure developed earlier (Lauren Fleishman, personal communication) was adapted. For n free parameters, the summed relative errors were calculated for an n-dimensional space of parameter combinations and a minimum value was found in an n-dimensional matrix of relative errors. The parameter value combination that corresponded to this minimum summed relative error value was chosen as the optimal unknown parameter combination. For some of the fits, however, the least square based error was applied because it yielded a better fit than the relative error.
RESULTS
At first, the survival fractions of both datasets were fit with the radiation-dependent survival term of the SVM, exp(-k dr D), to get an estimate for k dr . For the Nagasawa and Little data (24) k dr ¼ 2.11 Gy
À1
. For the Miller et al. data (25) k dr ¼ 2.13 Gy À1 (fits not shown). For the simulation of the data of Nagasawa and Little (24) , the model Equations 1-6 were solved numerically with Matlab Ó for the exposure time (ET) and for the 19 h growth period. The data show the total number of chromosome aberrations per (surviving) cell which in the SVM corresponds to
with t ¼ ET þ 19 h. This expression was multiplied with a suitable proportionality constant (10 5 ). This reflects the fact that only a fraction of the measured chromosome aberrations will initiate a cell (2) . As the formation of chromosome aberrations does not involve promotion, F ¼ 0 was applied.
For the fit of the wild-type CHO cells the model without bystander effects was at first fit to the control and the high dose data points at 1 and 2 Gy to get estimates for k 01sb , k 01nsb and k 01nsr (fit1, Table 2). The model was then fit to the whole dataset with the different options to account for the bystander effect as outlined above (using the best estimated values for k 01sb , k 01nsb , k 01nsr as fixed input). At first, the term k 01b_by Â exp(-l 1by Â D) was added to k 01s and k 01ns . Figure 2A gives the best fit to the data and also shows the separate contributions of the direct (fit1) and the bystander effects. The best estimates of the model fit to the full dataset are given in Table 2 (fit2, denoted as 'total' in the legend of Figure 2A ). The bystander effect is switched-off at '0' dose (i.e. k 01b_by ¼ 0 at dose '0'). In an alternative approach the term k 01r_by Â DR Â exp(-l 2by Â D) was added to k 01ns . However, it was not possible to fit the data with this approach because this term is only 6 ¼0 during the rather short ETs and therefore cannot adequately account for the bystander effect. A fit (not shown) equally good to the one depicted in Figure 2A was achieved by multiplying k m in Equation 6 with the term 1 þ k m_by Â exp(-l 3by Â D).
For the fit of the xrs-5 data an analogous procedure was used. To account for the deficiency of NHEJ in this cell line, k rs , k rns and k m of the cell cycle associated repair were divided by a reduction factor, l red . The best fit to the xrs-5 data is depicted in Figure 2B . The best estimates are provided in Table 2 (fit3, fit4). The other two approaches to account for the bystander effect yielded analogous results (not shown) as in the fits of the wild-type data. (24) . For the SVM fits, the contribution of the bystanders was calculated as the difference between the fitted total (direct þ bystander) and the direct CA/SC. The different contributions of the BaD model were obtained by fitting the 'direct' term of Equation 9 , aD, to the control and high dose data at 1 and 2 Gy, and the whole Equation 9 to the full dataset. The contribution of the bystander effects was calculated by evaluating s 1 À e ÀdD Â Ã e ÀbD with the best estimates for s, d and b for the doses shown in Figure 2C and D.
The adapted BaD model (Equation 9) was successfully fit to the data by Nagasawa and Little (24) . At first, the linear part, aD, was fit to control and high dose data for CHO cells yielding a best estimate for a of 1.02 Gy À1 . Then the whole Equation 9 was fit to the full dataset ( Figure 2C ) with a 1.02 Gy The model without bystander effects was also tested on a dataset for C3H 10T1/2 cells (25) . The mean doubling time of the C3H 10T1/2 cells used by Miller's group is $20 h (28) . Therefore, k m ¼ (25) . The model equations were solved accordingly. The values of the three free parameters were estimated from 12 data points. The best estimates are given in Table 2 (fit5). Initial model fits revealed that k mmult was $1. Therefore, k mmult 1 was used. Figure 3 shows the best fit to the data. For all SVM fits, the values of the other parameters (k db , k rs , k rns , k 23r and P 4 ) were taken from earlier studies (1, 5) .
DISCUSSION AND CONCLUSIONS
The first model for detrimental bystander effects was the BaD model for neoplastic transformation by Brenner et al. (15) . However, to the best of our knowledge this is the first time a bystander model for chromosome aberrations has been presented. The results show that the BaD model from Brenner et al. (15) , adapted for chromosome aberrations, fits the data of Nagasawa and Little (24) well ( Figure 2C and D). Both approaches (SVM and adapted BaD model) have a limited number of free parameters. The SVM is based on biological mechanisms relevant for initiation and promotion. The BaD model does not include such mechanisms but contains a simple model for Figure 3 . TF/SC after exposure of C3H 10T1/2 cells to 150 keV mm À1 alpha particles (25) . Filled circle: first dataset; filled square: second dataset; full line: SVM fit. Here, bystander effects were not included in the model. The error bars represent 95% confidence intervals.
DIRECT AND BYSTANDER CHROMOSOME MODEL bystander-induced signalling. The latter is currently not explicitly included in the SVM. The mathematical form of the adapted BaD model for broad beam irradiation ( Equation 9) is similar to the initiation rates, k 01s and k 01ns , of the SVM. Both contain direct terms and a bystander term that decreases exponentially with increasing dose. The data depicted in Figure 3 have been successfully analysed before with an earlier version of the SVM (5) . The new version of the SVM is, however, easier to fit than the earlier version which required separate fitting approaches for the initiation and the promotion models. The role of HR and NHEJ in the bystander effect for chromosome aberrations has recently been studied (29, 30) . These papers also provide datasets on bystander induced chromosome aberrations in wild type and repair deficient mammalian cell lines. For the current study, it was decided to use the data from Nagasawa et al. (24) as they provide more data points than the other more recent publications. The study shows that the SVM can be used to describe nonlinear features in dose responses, such as detrimental bystander effects, but also LNT-shaped curves. Table 2 . Best estimates and relative errors or least squares-based errors for model fits of the Nagasawa and Little (24) data (fit1 to fit4) and the Miller et al. (25) data for 150 keV lm À1 alpha particles (fit5). 
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In fit1 and fit3 the control and high dose data points at 1 and 2 Gy were fit. The best estimates from fit1 were used as fixed input in fit3. The best estimates from fit1 and fit3 were used as fixed input in fit2 and fit4, respectively, where the model with detrimental bystander features was fit to the full datasets for CHO and xrs-5 cells, respectively. In fit5 k mmult 1
